I. Introduction
===============

Myoepithelial cells (MECs) are multipolar stellate cells possessing many long processes intervening between the basement membrane and basal surface of acinar cells in major exocrine glands \[[@B49]\]. MECs were discovered and termed as "stellate cells (*sternförmige Zellen*)" in cat salivary glands and had also been termed "basket cells (*Korbzellen*)"; however, they are now generally referred to as MECs after Renaut proposed this term in 1897 \[[@B36]\]. Electron microscopic analyses showed that the MEC cytoplasm is filled with thin myofilaments arranged in parallel and immunoreactive for α-smooth muscle actin (αSMA) \[[@B36], [@B43]\]. MECs contain various contractile proteins, such as myosin, calponin, and caldesmon, in addition to αSMA \[[@B26], [@B30], [@B36]\]. MECs originate from glandular epithelia, the same as acinar cells \[[@B8]\]. MECs express epithelial markers, including various types of cytokeratins \[[@B30]\], but lack mesenchymal cell markers, such as vimentin \[[@B30]\]. Therefore, MECs share similar characteristics with smooth muscle and epithelial cells.

Three-dimensional (3D) analysis of MECs by scanning electron microscopy showed that MECs project several branched processes from the cell body containing the nucleus \[[@B6]\]. Based on these histological and histochemical characteristics, MECs are speculated to assist in the release of secretory components by covering acini with their contractile processes \[[@B12], [@B28], [@B35]\]; however, they are absent in typical exocrine tissue, the pancreas in humans and other mammals \[[@B20], [@B14], [@B36]\] and rodent parotid acini \[[@B36]\]. Thus, MECs are not regarded as essential for exocrine secretion, and their functional significance still remains unclear \[[@B35]\].

MECs are present in all salivary glands in humans \[[@B36]\], with neoplastic transformation occasionally occurring and inducing various salivary gland tumors \[[@B10], [@B28], [@B35], [@B36]\]. Therefore, it is assumed that MECs not only contract for secretion, but also dynamically alter their shape in response to changes in conditions and stimulations to correspond to various functional states. The morphology of MECs in the mammary gland markedly changes with pregnancy-induced differentiation and milk secretion after delivery, and becomes irregular with complex processes during the lactation period \[[@B32], [@B33], [@B47]\].

When salivary glands are damaged by tumors, inflammation, or calculi, cells of the normal tissue proliferate and/or become hypertrophic, generally described as 'compensate hypertrophy' \[[@B4], [@B34], [@B38], [@B42]\]. When surgical resection is performed to remove damaged tissue, repair and regeneration occur rapidly in the rest of the normal tissues on the surgical side of bilateral organs/tissues; in addition, hypertrophic reactions may occur in normal tissue on the non-surgical contralateral (NC) side to compensate \[[@B38]\]. Compensatory hypertrophy has been reported in the liver following partial resection, and in the lung after unilateral excision \[[@B48]\]. The quantitative compensation of secretory function by proliferation of acinar cells and MECs during regeneration has also been reported \[[@B15], [@B40], [@B41]\]. Our recent study showed that salivary gland resection induced acinar cell differentiation from the intercalated duct in the residual tissue of the operated side, as well as the NC side in adult rats \[[@B25]\]. An increased salivary secretion from the residual acini is necessary to complement decreased glandular tissue resulting from surgery resection.

Neurological \[[@B23], [@B31], [@B39]\], hormonal \[[@B21], [@B24], [@B44], [@B45]\], and drug \[[@B17], [@B37], [@B46]\] stimulations enhance salivary secretion via their receptors or ion channels \[[@B7]\]. However, the mechanisms by which MECs regulate salivary secretion have not yet been established.

In the present study, we performed immunohistochemical analysis using an anti-αSMA antibody and laser microscopic 3D analysis as follows: 1) the distribution and morphology of MECs in the rat major salivary glands; 2) postnatal growth and aging of MECs in the rat submandibular gland; and 3) morphological changes in MECs after unilateral partial or total resection, on both the operated and NC sides.

II. Materials and Methods
=========================

Experimental animals and surgery
--------------------------------

Twenty-one male Wistar rats were used as the untreated group: 3 animals each at 3, 8, 9, 10, 12, 16, and 48 weeks old (W). Surgery was performed on 18 8W male rats weighing approximately 200 g: 12 and 6 animals in the partial resection and total resection groups, respectively. Animals were maintained according to the Meikai University guidelines for experiments. They were fed pellets and given free access to drinking water during the experimental period. This study was performed after approval by the Animal Ethics Committee of Meikai University School of Dentistry (A1316).

Surgery on the submandibular gland was performed using the procedure reported by Mizobe *et al.* \[[@B25]\]. Under general anesthesia with an intraperitoneal injection of 1 mL/kg pentobarbital sodium (Somnopentyl, Kyoritsu Seiyaku, Tokyo, Japan), the rat was placed in a supine position, an incision was made in the right submandibular skin, and connective tissue was dissected while avoiding damage to the surrounding tissue, including nerves and blood vessels.

Partial resection of the right submandibular gland (PX)
-------------------------------------------------------

After skin dissection, connective tissue around the right submandibular gland including the capsule was carefully dissected as described above, and the body of the gland was exposed. The central region of the body of the submandibular gland was ligated with silk thread, avoiding inclusion of the sublingual gland, the distal portion far from the submandibular duct was resected, and the wound was closed using sutures. Animals were fixed by perfusion 1, 2, 4, or 8 W after partial resection, and the operated (right) and NC (left) submandibular glands were excised.

Total resection of the right submandibular and sublingual glands (TX)
---------------------------------------------------------------------

The right submandibular gland was exposed, as described above. The right submandibular and sublingual gland ducts were ligated with silk thread, the right submandibular and sublingual glands covered with the same capsule were excised *en bloc*, and the wound was closed using sutures. Animals were fixed by perfusion 1 or 2 weeks after total resection, and the submandibular gland on NC side (left) was excised.

Fixation and general staining
-----------------------------

Under general anesthesia with an intraperitoneal injection of 1 mL/kg pentobarbital sodium (Somnopentyl), the animal was perfused with saline through the left ventricle to remove blood, followed by perfusion fixation with 4% paraformaldehyde/0.1 M phosphate buffer (pH 7.4). The residual submandibular gland was excised from the operated rats, and the parotid and sublingual glands, in addition to the submandibular gland, and the pancreas were excised from normal rats. Specimens were immersed in the same fixative overnight, and then in 30% sucrose/0.1 M phosphate buffer (pH 7.4) for 24 hr or longer. Six- and 20-μm-thick frozen sections were then prepared. Some of the 6-μm-thick sections were stained with hematoxylin-eosin (H-E) according to the standard method and observed under a light microscope.

Immunohistochemistry
--------------------

### Immunostaining for light microscopy

Six-μm-thick frozen sections were used for conventional immunohistochemical staining. Sections were dried at room temperature (RT) and immersed in phosphate-buffered saline (0.01 M phosphate buffer, 0.15 M NaCl, pH 7.4, PBS) containing 0.3% Triton-X-100 for 30 min. After washing with PBS, the sections were treated with 0.1% H~2~O~2~/methanol for 10 min to inhibit endogenous peroxidase activity. After washing with distilled water and PBS, a mouse anti-rat αSMA monoclonal antibody (ACTA2, 1:200, Abnova, Taipei, Taiwan) was applied at RT overnight. After washing with PBS, the sections were reacted with biotin-conjugated secondary antibody and then horseradish peroxidase (HRP)-labeled streptavidin solution at RT for 60 min each using LSAB II System-HRP for use on rat specimens (Dako, Carpentaria, CA, USA). Visualization was made using 0.01% H~2~O~2~-containing 3.3-diaminobenzidine tetrahydrochloride (DAB, Dojindo, Kumamoto, Japan), and sections were dehydrated and penetrated. For the negative control, immunostaining procedures were made with PBS instead of the primary antibody, and confirmed the absence of nonspecific immunoreactions.

### Western blotting

Normal 10W rat submandibular glands (n=3) and NC side of PX-2W submandibular glands (n=3) were solubilized (1/10 weight/volume) in sampling buffer (10% glycerol, 60 mM Tris pH 6.8, 2% SDS, 0.01% bromophenol blue, 2% beta-mercaptoethanol) using Dounce homogenizer. Samples were separated by SDS-PAGE, transferred onto Immobilon-P PVDF membrane (Millipore), and then immunoblotted with antibodies against mouse anti-rat αSMA (ACTA2, 1:200) or rabbit anti-human glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 1:1000; Trevigen, Gaithersburg, MD). The blot was incubated with horseradish peroxidase-conjugated secondary antibodies (Cell signaling Technology Japan, Tokyo, Japan), and chemiluminescence was detected with Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA).

### Immunostaining for laser microscopy

Twenty-μm-thick sections were used for confocal laser scanning microscopy (CLSM) to analyze 3D morphology. After drying at RT, sections were immersed in 0.3% Triton-X-100/PBS (pH 7.4) for 60 min, washed with PBS, and treated with 10% normal goat serum (Nichirei) at RT for 30 min. After washing with PBS, the sections were reacted with a mouse anti-rat αSMA (ACTA2) monoclonal antibody (1:200, Abnova) at RT overnight. After washing with PBS, the sections were reacted with a Cy3-conjugated donkey anti-mouse IgG polyclonal antibody (1:500, Merck Millipore, Billerica, MA, USA), at RT for 60 min. After washing with PBS, the sections were mounted using Fluoroshield Mounting Medium (Immuno BioScience, Mukilteo, WA, USA), and observed under a CLSM (LSM- 510, Carl Zeiss, Jene, Germany). For 3D analysis, the sample was continuously imaged at 1-μm-thick intervals using Z-stacks, according to the method of Bando *et al.* \[[@B5]\], and a 3D image was reconstructed on a computer.

### Morphometry and statistical analysis

After immunohistochemical staining, 10 visual fields, each 332 μm×415 μm in area, were randomly selected from sections in each experimental condition. In the present study, a MEC with a clearly observable cell body containing a nucleus was counted as a cell. And the number of MECs positive for an immunoreaction with αSMA and the area occupied by these cells were measured. The area was measured using Image J (The Research Services Branch, National Institute of Mental Health, Bethesda, MD, USA). After reconstructing the laser microscopic 3D, 10 MECs were randomly selected in each experimental group, and the number and thickness of the processes were measured. Processes branching from the cell body were regarded as 'primary processes', the tips of the processes after repeated branching were regarded as 'terminal processes', and these were counted. The thickness of processes was measured, as shown in Figure [1](#F1){ref-type="fig"}: A circle with a 20 μm diameter centering on the nucleus of the MEC was lined up, and the width of a process crossing over the circle was measured. The value calculated by dividing the sum of the process widths by the number of processes measured was regarded as the process thickness ([Fig. 1](#F1){ref-type="fig"}a, b).

In western blot analysis the protein content of αSMA and GAPDH were quantified using ImageJ, and expression of αSMA in the normal gland and PX-2W NC side) were compared by the ratio of αSMA to GAPDH.

The number and area of MECs, the number and thickness of processes determined by 3D analysis and αSMA/GAPDH ratio determined by Western blotting were presented as mean±SD in graphs, and compared between an experimental group (n=3, respectively) and a control group (n=3, respectively) using the Mann-Whitney U-test, with *p*\<0.05 or *p*\<0.01 being defined as significant.

III. Results
============

MECs in major salivary glands
-----------------------------

Since the properties and chemical composition of saliva vary among the major salivary glands in the rat \[[@B3], [@B16]\], MECs in the normal salivary glands were observed and analyzed in 8W rats in order to determine the relationship between saliva and MECs.

### Parotid gland

In the normal parotid gland at 8W, acinar cells were comprised homogenously of serous cells, and intercalated and striated ducts had developed (Fig 2a). Immunohistochemistry with αSMA showed that MECs were mainly localized in the intercalated ducts and rarely in acini ([Fig. 2](#F2){ref-type="fig"}b). Laser microscopic observations revealed that the processes of MECs extended along the distribution of the intercalated ducts ([Fig. 2](#F2){ref-type="fig"}c).

### Sublingual gland

The normal sublingual gland in 8W rats is a mixed gland consisting of central-located mucous cells and peripheral serous demilune in acini, similar to human sublingual glands \[[@B3]\] ([Fig. 2](#F2){ref-type="fig"}d). By conventional immunohistochemistry, MECs positive for αSMA were found to be relatively thick and covered the entirety of the basal surface of acini ([Fig. 2](#F2){ref-type="fig"}e). The laser microscopic 3D morphology analysis showed that 2 or 3 MECs were present for one acinus, their processes were thick and short, and branching was relatively simple rather those of the submandibular gland described below ([Fig. 2](#F2){ref-type="fig"}f).

### Submandibular gland

The human submandibular gland is a mixed gland in which acini accompanied by serous demilunes are present; whereas in 8W rat submandibular glands, acini were comprised of only serous cells \[[@B3]\]. Intercalated and striated ducts were prominent, in addition to granular ducts secreting various types of growth factors \[[@B3]\] ([Fig. 2](#F2){ref-type="fig"}g). Immunohistochemical staining revealed that αSMA-positive MECs were present in the acini and intercalated ducts, but absent in the other ducts, including the granular and striated ducts. One or two MECs thinly covered one acinus, whereas no MEC bodies, including the nucleus or branching processes, were observed using this method ([Fig. 2](#F2){ref-type="fig"}h). CLSM observations showed that MECs in acini projected several primary processes, branching 2 or 3 times. In the intercalated duct, MECs extend their processes longitudinally ([Fig. 2](#F2){ref-type="fig"}i).

### Pancreas

The rat pancreas is also comprised of both an exocrine portion and an endocrine portion (the islets of Langerhans) \[[@B13]\]. No αSMA-immunoreactivity was observed in the exocrine portion showing pure serous glands, excluding smooth muscle cells around the blood vessels (data not shown), confirming that MECs were absent in the rat pancreas, similar to that in humans \[[@B36]\].

The distribution and morphology of MECs in the normal rat salivary glands described above were mostly consistent with previous findings obtained using other histological methods, including electron microscopy \[[@B6], [@B27], [@B36], [@B43]\].

Aging- and surgery-induced changes in MECs in conventional immunostaining
-------------------------------------------------------------------------

### Rat MECs in the suckling period and changes with aging

In normal submandibular glands of 3W rats, MECs were rarely around immature acini comprised of terminal tubules \[[@B36]\], and were mainly present in the intercalated ducts ([Fig. 3](#F3){ref-type="fig"}a). In the normal submandibular gland at 48W, αSMA-positive MECs thinly surrounded acini, as observed at 9W ([Fig. 3](#F3){ref-type="fig"}b, c).

### Changes in MEC morphology after surgical resection

One week after PX (PX-1W) and PX-4W on the operated side, and PX-2W, PX-8W, and TX-2W on the NC side, abundant αSMA-positive MECs were found to extend processes covering acini, and many MEC bodies containing the nucleus were observed at the acini and intercalated ducts ([Fig. 3](#F3){ref-type="fig"}d--h).

These changes were common to the operated and NC sides after PX, and the NC side after TX, throughout the experimental period.

### Aging- and surgery-induced changes in the number of MECs

The number of MECs per unit area (332×415 μm^2^) was measured ([Fig. 4](#F4){ref-type="fig"}a). In the untreated normal submandibular gland, the number of MECs was significantly higher at 3W than at 9W. After 9W, the mean was 12.75--15.75, showing no marked change, and no significant change was noted even at 48W.

On the operated side of PX rats, the number of MECs at PX-1W was significantly higher than those in untreated normal rats of the same age (9W). The number at PX-2W, PX-4W, and PX-8W increased with time. A significant difference was noted over that in untreated rats of the same age throughout the experimental period (9--16W). Specifically, the number of MECs at PX-4W was approximately 5-fold higher than that in untreated rats of the same age (12W).

On the NC side of PX rats, the number at PX-1W was slightly higher than in untreated rats of the same age (9W). However, the number of MECs at PX-2W was significantly higher than in untreated rats of the same age (10W), and continuously increased thereafter.

On the NC side of TX rats, the number slightly increased at TX-1W compared to untreated rats of the same age (9W), but was significantly higher, by approximately 3-fold, at TX-2W than in untreated rats of the same age (10W).

### Changes in MEC size

The area immunoreactive for αSMA per unit (332× 415 μm^2^) was measured as an index of MEC size ([Fig. 5](#F5){ref-type="fig"}). The mean rate in the normal submandibular gland in untreated rats was approximately 6%, and slightly increased from 3W to 16W. This significantly increased to 7.6% at 48W. The mean rate at all time points was significantly higher on the operated side of PX (7.3--13.8%) than in untreated rats of the same age (4.8--6.4%).

On the NC side in PX rats, no significant differences were observed in the mean rate at PX-1W (4.6%) and that in untreated rats at the same age (9W) (4.8%); however, the mean rate at PX-2W (8.7%) was significantly higher than that in untreated rats of the same age (10W) (6.3%), and continued to increase with time (10.6--12.9%). On the NC side in TX rats, the rate slightly increased at TX-1W (5.5%) and significantly increased at TX-2W (12.2%).

In Western blot analysis, protein samples prepared from submandibular glands of the NC side of PX-2W (10W) showed higher density (approximately 2-fold) of αSMA-immunoreactivity than those from normal 10W ([Fig. 6](#F6){ref-type="fig"}a, b).

Morphological changes in individual MECs on CLSM
------------------------------------------------

Since no marked difference was noted in changes after surgery between PX and TX in the conventional immunostaining, the morphology of individual MECs was analyzed in normal and PX rats.

### Length of processes

Images of MECs in the lateral view of acini are shown in Figure [7](#F7){ref-type="fig"}. In the 9W normal rats, MEC processes were relatively short, and those of MECs located at the opposite poles of an acinus were not in contact or overlapping each other. When the spherical acinus is compared to the earth, no process tips crossed over the equator ([Fig. 7](#F7){ref-type="fig"}a). In contrast, on the NC side at PX-2W, many processes passed over the equator, branched complicatedly, and crossed processes extended from the opposite pole ([Fig. 7](#F7){ref-type="fig"}b). These changes were observed on both the operated and NC sides of the PX rats at all time points.

### Number of processes

Thick processes that directly extended from the cell body as primary processes and the tips of processes after repeated branching as terminal processes were measured. The typical MECs of each experimental group are shown in Figure [8](#F8){ref-type="fig"}, and time-course changes in the number of processes are shown in Figure [9](#F9){ref-type="fig"}. In the 3W normal group, the number of primary processes (5.8) was not significantly different from that at any age; however, the number of terminal processes (20.4) was significantly fewer than those at the other ages ([Fig. 8](#F8){ref-type="fig"}a). The numbers of primary (5.0--5.5) and terminal (25.5--26.3) processes did not markedly change from 9 to 16W in the normal group ([Fig. 8](#F8){ref-type="fig"}b, c), but the number of terminal processes (29.3) slightly increased at 48W ([Fig. 8](#F8){ref-type="fig"}d). In the surgery groups, the number of primary processes (5.2--5.9) did not change in the operated and NC sides at PX-2W and PX-8W, whereas the number of terminal processes (33.7--40.3) significantly increased ([Fig. 8](#F8){ref-type="fig"}e--h).

### Thickness of processes

Processes became thicker on the operated and NC sides at PX-2W and PX-8W ([Fig. 10](#F10){ref-type="fig"}e--h) than those in the normal group at 3, 10, 15, and 48W ([Fig. 10](#F10){ref-type="fig"}a--d). The measurements of process thickness are shown in Figure [11](#F11){ref-type="fig"}. In the untreated normal submandibular gland, the mean thickness of 3, 10, 15, and 48W rats was 2.0--2.4 μm, showing no marked change. The mean thickness on the operated side of PX was 2.5 μm at PX-1W, showing no significant difference; however, the mean thickness from PX-2W to PX-8W was 2.8--3.7 μm, showing that processes were significantly thicker than those in the untreated group at the same age (10--16W). On the NC side of PX, the mean thickness was 2.3 μm at PX-1W, showing no significant difference, whereas the mean thickness after PX-2W was 3.1 μm, showing that processes were significantly thicker than those in the untreated group at the same age at most of the time points examined ([Fig. 11](#F11){ref-type="fig"}).

IV. Discussion
==============

Role of MECs
------------

Previous studies by electron microscopic analyses demonstrated that myofilaments parallel to the acinar basal surface were present in the body and processes of MECs \[[@B6], [@B8], [@B36], [@B43], [@B49]\], and that the contractile proteins composing the filaments, including actin and myosin, were common to those of smooth muscle cells \[[@B11], [@B36]\]. In addition, the enzyme activities observed in smooth muscle cells, such as alkaline phosphatase, ATPase, and glycogen phosphorylase, were also histochemically detected in MECs \[[@B36]\]. Based on these morphological and biochemical characteristics, MECs have been speculated to have contractile ability. Furthermore, since MECs and acinar cells adhere to each other through desmosomes, hemidesmosomes, and gap junctions, acini are considered to be compressed by the contraction of MEC processes \[[@B36], [@B43], [@B49]\]. The contraction of MECs in the salivary gland is induced predominantly by the parasympathetic nerve \[[@B36]\], isolated rat submandibular gland MECs were found to contract in response to an cholinergic or adrenergic stimulation \[[@B29]\], and acetylcholinesterase activity was absent in acinar cells, but present in MECs, suggesting that MECs possess a different parasympathetic regulatory system from that of acinar cells.

Regarding how MECs respond through changes in shape to a condition requiring a long-standing increase in secretion, previous studies showed that hypertrophy of MECs occurred in the mammary gland in response to pregnancy, and processes became complex, whereas acinar cells do not markedly change \[[@B32], [@B33], [@B47]\]. Our study found that the shape of MEC processes also markedly changed in the salivary gland, even though no change was noted in acinar or duct cells.

Relationship between the distribution and morphology of MECs and saliva secretion
---------------------------------------------------------------------------------

Previous studies reported that MEC processes were thicker in the salivary gland secreting mucous saliva \[[@B6], [@B36]\]. Our results also clarified that the distribution and shape of MECs were associated with the properties of secreted saliva: MEC processes were thick, short, and simply ramified in the sublingual gland, which secretes mucous saliva \[[@B3], [@B16]\], whereas processes were thin, long, and complicated ramified in the submandibular gland, which secretes less mucous saliva \[[@B3], [@B16]\]. MECs were previously shown to be absent in the acini regions of the rodent serous parotid gland \[[@B3], [@B16]\]. The exocrine portion of the pancreas secreting pure serous pancreatic juice in humans and cats also lacks MECs \[[@B14]\], and we also did not find MECs in the normal 8W rat pancreas.

The mammary gland secretes relatively mucous milk, containing abundant amounts of fat in the lactation period, and MEC processes show a more complicated shape than that seen in a resting period \[[@B32], [@B33], [@B47]\]. The role of MECs in the salivary and mammary glands may become prominent and change the process shape as the viscosity of secretions increases.

Changes in the number and size of MECs
--------------------------------------

The number of MECs immunostained with αSMA increased on both the operated and NC sides after PX, and on the NC side after TX. Previous studies have shown that surgical treatments induce cell proliferation in the salivary gland \[[@B15], [@B40], [@B41]\]. The present results, therefore, suggest that surgical resection and incision of the unilateral submandibular gland induce proliferation of MECs in residual and NC glandular tissues.

The rate of the area occupied by MECs was higher in 3W normal than in normal rats at the other ages; however, acini were immature at 3W and contained cells derived from the fetal terminal tubules \[[@B1], [@B2], [@B30]\], and their size was smaller than that after 8W, which may have increased the number of acini present in the same area.

The area of the αSMA-positive region on immunostaining, used as an index of the MEC size, did not change at 8--16W in the untreated group, whereas it significantly increased after PX and TX. These increases in area after surgery were noted not only on the surgical, but also on the NC side, thereby clarifying that the partial loss of salivary gland tissue by surgery induced MEC enlargement in the residual tissue within a short time, and this condition continued thereafter.

Changes in MEC processes
------------------------

In 3W normal rats, more MECs were distributed in the intercalated duct than in acini, the number of terminal processes was smaller than that at 9W, and processes were also slightly narrower. Because bolus formation is unnecessary during the suckling period, the role of saliva may be smaller than after weaning. In the rat submandibular gland, acinar cells differentiate and grow from the fetal period to 5W, while MECs rapidly grow from birth to 2W or 3W old \[[@B8]\]. In addition, functional differentiation in contraction occurs in MECs after weaning \[[@B30]\], suggesting that the morphology and function of MECs in the submandibular gland were immature in 3W rats.

In normal 48W rats, the numbers of visible MEC bodies and processes and process thicknesses did not significantly increase from 9W, and only the area representing the MEC size significantly increased. In humans, saliva secretion decreases and saliva viscosity increases with aging \[[@B22]\]. Enlargement of MECs is suggested to occur in association with an increase in saliva viscosity induced by lower secretion.

Regarding the length of MEC processes, the frequency by which MEC processes crossed over the equator of acini and overlapped with the processes of MECs present at the opposite pole was greater in the experimental groups than in the untreated group. Extended processes finely surrounded the acinar surface, suggesting that they load a strong contractile force on the acinus.

Regarding the number of processes, Nagato \[[@B27]\] reported that the number of terminal processes of normal submandibular gland MECs was 20--30, which is consistent with that of the untreated submandibular gland in the present experiment. In contrast, this number was significantly higher after surgical treatment than that in the untreated group. The number of primary processes did not change in either the untreated or experimental group, demonstrating that the branching of MEC processes increased at a site distant from, and not close to the cell body.

The thickness of processes was 2.2--2.4 μm in the untreated group, which is consistent with that reported by Nagato \[[@B27]\]. Process thickness was greater after surgical treatment than in the untreated group, and did not return to the thickness level of the untreated group within the experimental period.

Our study clarified that surgical treatment of the unilateral submandibular gland induced increases in the length, number, and thickness of MEC processes on both the operated and NC sides, therefore, MEC morphology changed in a complicated manner. The acinar surface covered by MECs increased through these complicated morphological changes. The contraction of MEC processes assists in saliva secretion by loading pressure on acini \[[@B36]\]. Since salivary gland tissue was decreased by surgery, residual tissues are required to compensate for saliva secretion to maintain the secretory volume \[[@B18], [@B19]\]. Secretory function was enhanced in salivary glands after excision of the same and/or other salivary glands in rats \[[@B18], [@B19]\], and in humans \[[@B9]\].

Conclusion
----------

The result of the present study strongly suggested that, in the rat salivary gland after surgery, the sophistication of MEC processes, an increase in length, number, thickness, and branching of processes, occurs to load a stronger contractile force on acini to promote saliva secretion.
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![Lower (**a**) and higher (**b**; dotted square in **a**) images of confocal laser-scanning microscopy (CLSM) demonstrating the thickness of the myoepithelial cell processes of the rat submandibular gland immunostained for αSMA. For the thickness of a myoepithelial cell process, the length of the portion of the circle 20 μm in diameter with its center at the center of the nucleus intersecting with the process was measured. Bar=50 μm.](AHC16017f01){#F1}

![Microphotographs of H-E staining (**a, d, g**), conventional (**b, e, h**), and higher magnified CLSM immunohistochemistry (**c, f, i**) stained for αSMA of parotid (**a--c**), sublingual (**d--f**), and submandibular (**g--i**) glands of adult rats. The parotid gland includes developed serous acini, as well as intercalated and striated ducts (**a**). αSMA-positive myoepithelial cells are rarely on the acini (dotted circles in **c**), but present along the intercalated duct (arrowheads in **b, c**). The sublingual gland consists of mixed acini accompanying the serous demilune (arrows in **d**). Sublingual myoepithelial cells thickly covered mixed acini (**e**), and their processes are relatively shorter and simpler (**f**) than those of the submandibular gland (**i**). The submandibular gland consists of developed serous acini, as well as intercalated, granular, and striated ducts, and lacks mucous cells (**g**). Submandibular myoepithelial cells cover both acini and intercalated ducts (**h**), and their processes are relatively longer and more complicated (**i**) than those of the sublingual gland (**f**). Granular and striated ducts (\*) lack myoepithelial cells. Bar=100 μm.](AHC16017f02){#F2}

![Photomicrographs showing conventional immunohistochemistry for αSMA in normal MECs in suckling rats were mainly present in the intercalated ducts (arrowheads in **a**) (**a--c**) and post-operated (**d--h**) submandibular glands of rats. Note that the shape of the myoepithelial cells and their processes in post-operated rats was more complicated than those of normal rats. Bar=100 μm.](AHC16017f03){#F3}

![Graph showing the chronological changes in the number of visible cell bodies of αSMA-immunopositive myoepithelium. Cell bodies including the nucleus in an area of 332×415 μm^2^. \*: significant *p*\<0.05 compared with normal glands of the same age. §: significant *p*\<0.05 compared with 9W normal glands.](AHC16017f04){#F4}

![Graph showing the chronological changes of αSMA-immunostained areas in 332×415 μm^2^ of normal and post-operative submandibular glands of rats. \*: significant *p*\<0.05 compared with normal glands of the same age. §: significant *p*\<0.05 compared with 9W normal glands.](AHC16017f05){#F5}

![αSMA content in the normal and post-operated submandibular glands of rats. Western blot analysis of αSMA and GAPDH (**a**). αSMA were quantified as the ratio of αSMA to GAPDH (**b**). The results represent means±SD for 3 glands. \*: significant *p*\<0.05.](AHC16017f06){#F6}

![CLSM 3-dimensional images of αSMA-immunostained myoepithelial cells of normal (**a**) and post-operated (**b**) submandibular glands of rats. Note that myoepithelial processes of the post-operated submandibular glands were elongated and were beyond the equator of the acinus. Bar=20 μm.](AHC16017f07){#F7}

![CLSM-three-dimensional images of αSMA-immunostained myoepithelial cells of normal (**a--c**) and post-operated (**d--h**) submandibular glands of rats. Due to postnatal growth and post-operative changes, myoepithelial processes elongated and their ramification became intense. Bar=20 μm.](AHC16017f08){#F8}

![Graph showing chronological changes in the number of primary and terminal processes of myoepithelial cells of normal and post-operated submandibular glands of rats. \*: significant *p*\<0.05 compared with normal glands of the same age. \*\*: significant *p*\<0.01 compared with normal glands of the same age. §: significant *p*\<0.05 compared with 9W normal glands.](AHC16017f09){#F9}

![Higher-magnified CLSM images of αSMA-immunostained myoepithelial cells of normal (**a--d**) and post-operative (**e--h**) submandibular glands of rats. White sections indicating the thickness of myoepithelial processes became longer in post-operated glands (**e--h**) than in normal glands (**a--d**).](AHC16017f10){#F10}

![Graph showing chronological changes in the thickness of myoepithelial processes. \*: significant *p*\<0.05. \*\*: significant *p*\<0.01.](AHC16017f11){#F11}
